Mounting evidence confirms that hepatic biosynthetic processes are essential for female sexual maturation in fish, which is directy controlled by estrogens. These oogenetic events (zonagenesis and vitellogenesis) are induced in both sexes by estrogens. In this paper, we report the induction of zona radiata (zr) proteins and vitellogenin in primary hepatocytes from Atlantic salmon (Saoh saar.L) exposed to xenoestrogens and mycotoxins. Cells were treated with doses of 1, 5, and 10 FM 4-nonyiphenol (4-NP), oep'-DDT, lindane (y-HCH), and bisphenol A (BPA), which all induced zr proteins and vitellogenin in an approximate dose-dependent manner. Hepatocytes were also treated with combinations ofxenoestrogens at 1 or 2 pM, resulting in elevated levels of both zr proteins and vitellogenin, compared to single treatment. The estrogenic activity of the mycotorin zearalenone (ZEA) and its metabolites [a-zearalenol (a-ZEA) and P-zearalenol (P-ZEA)], with.regard to zonagenesis and vitellogenesis, was assessed in this assay system. Mycotoxins were used at concentrations of 10, 100, or 1,000 nM. All induced zr proteins and vitellogenin, with a-ZEA being the strongest inducer. When cells were treated with xenoestrogens or mycotoxins in combination with an estrogen receptor inhibitor (ICI 182,780), the induction of both zr proteins and vitellogenin was inhibited in all cases. Thus, the reported estrogen effects are bonafide estrogen responses. Zona radiata proteins were more responsive than viteogin to both xenoestrogens and mycotoxins. The versatility and sensitivity of the hepatocrte assay demonstrates that biosynthesis of zr proteins provides a new supplementary method for estaing xenoesrgenicity and mycotoxin action.
During sexual maturation in fish, ovarian estrogen is transported in the blood to the liver, where it induces biosynthetic processes essential for the development of oocytes. These processes are induced in both sexes following estradiol treatment, which simplifies studies of xenoestrogenicity. Vitellogenin is a lipoglycophosphoprotein normally synthesized by the liver of female fish in response to 17,B-estradiol (E2) (1,2) and transported in the blood to the ovaries, where it serves as an energy source for the developing embryo (3). Like vitellogenin, synthesis of eggshell proteins (zona radiata proteins or zr proteins) is mediated by E2 in the liver (4). Recently, we showed that hepatocytes from Atlantic salmon synthesize both vitellogenin and zr proteins when treated with E2 in vitro, and importantly, zr proteins were more responsive than vitellogenin to E2 (5). Furthermore, in fish exposed to environmental estrogens, zr proteins were induced differently than vitellogenin (6C),.
A number of environmental pollutants are known to disturb the endocrine system of animals, including fish and humans (8) . These chemicals, often termed endocrine disruptors, may impair fertility in a wide range ofwildlife species, induding fish (9) , amphibians (10) , birds (11) , and mammals (12) . Several in vitro assays have been established to identify and assess suspected xenoestrogens. These include studies of estrogen receptor (ER) binding, cell proliferation, estrogen responsive element-regulated reporter genes, and yeast-based assays (13) . Previous studies estimating the xenoestrogen activity of environmental chemicals measured the expression ofvitellogenin in rainbow trout hepatocyte cultures (14, 15) . In such experiments it has been demonstrated that 4-nonylphenol (4-NP), octylphenol, o,p'-DDT, Aroclor 1221, and bisphenol A (BPA) induced vitellogenesis or vitellogenin expression (or production) and that a mixture of all chemicals elevated the level of vitellogenin compared to treatment with the chemicals singly (16) .
In addition to synthetic chemicals, several toxins produced by fungi may have an adverse effect(s) on humans and animals. One of these is the mycotoxin zearalenone (ZEA), which is produced by different strains of Fusarium, a frequently encountered contaminant in cereals and other plant products (17, 18) . Katzenellenbogen et al. (19) reported that ZEA mycotoxins compete with estradiol for binding to the cytoplasmic ER. ZEA causes reproductive problems in farm animals due to its estrogenic activity (17) , and in some animal models, ZEA is thought to be a primary initiator of hepatic tumors (20) . ZEA undergoes metabolic reduction to the more estrogenic zearalenols (21) . The estrogenic action greatly depends on the stereochemical (a, j) configuration of the hydroxyl group in the nonaromatic moiety of their structures ( Fig. 1) , and a-ZEA is about three times more estrogenic than ZEA (22) . It is of interest to test ZEA in a fish model since a previous study reported a reduced number and quality of spermatozoa in carp following ZEA exposure (23).
Hepatocytic in vitro synthesis of vitellogenin provides a useful and rapid assessment of xenoestrogenic potentials (16) . However, zr proteins were recently found to be more sensitive to E2 (5) and xenoestrogens than vitellogenin (6, 7) . The availability of specific antibodies to oocytic proteins has enabled documentation, both in vivo and in vitro, of initiation of oogenesis after either estrogenic or xenoestrogenic induction. To our knowledge, the relative potency of ZEA and its a and ,B metabolites has so far not been directly evaluated. Thus, it is of interest to compare their estrogenic potentials with respect to zr protein biosynthsis. In vitro estrogenic potencies of 4-NP, o,p'-DDT, BPA, lindane (y-HCH), and ZEA mycotoxins (see Fig. 1 ) were studied using primary hepatocyte cultures from Atlantic salmon. The aim ofthis study was to evaluate the relative merits of zr proteins and vitellogenin biosynthesis in assessing the estrogenic potentials of environmental chemicals and mycotoxins by an in vitro cellular assay. Andersson et al. (25) . The liver was perfused using a peristaltic pump at a flow rate of 22 ml/min. First, the liver was perfused in situ for 10 min with a calcium-free solution containing NaCI (7.14 g/l), KC1 (0.36 g/l), MgSO4 (0.15g/1), Na2HPO4 (1.6 g/l), NaH2PO4 (0.4 g/l), NaHCO3 (0.31 g/l), and EGTA (20 mg/l) at ambient temperature until all blood had been washed out. o | > ' ' > { > ' ' . S . ' S , ' ' , , . . . . . .~. . . . . . . . . . .. , ' ' ' ' ' ' . ¢ """"--"-"-"""--'----'.. ------,' . ... .:...' -.' "'.''.,"..'...'.'....'...".."...,`.......,.,...,........................ ------------ 
